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CONVERSION FACTORS, U.S. CUSTOMARY TO METRIC (SI) UNITS OF MEASUREMENT

U.S. customary units of measureme-.' used in this report can be converted to

metric (SI) units as follows:

Multiply by To obtain

inches 25.4 millimeters
2.54 centimeters

square inches 6.452 square centimeters
cubic inches 16.39 cubic centimeters

feet 30.48 centimeters
0.3048 meters

square feet 0.0929 square meters
cubic feet 0.0283 cubic meters

yards 0.9144 meters
square yards 0.836 square meters
cubic yards 0.7646 cubic meters

miles 1.6093 kilometers

square miles 259.0 hectares

knots 1.852 kilometers per hour

acres 0.4047 hectares

foot-pounds 1.3558 newton meters

millibars 1.0197 x 10-3  kilograms per square centimeter

ounces 28.35 grams

pounds 453.6 grams
0,4536 kilograms

ton, long 1.0160 metric tons

ton, short 0.9072 metric tons

degrees (angle) 0.01745 radians

Fahrenheit degrees 5/9 Celsius degrees or Kelvins1

1To obtain Celsius (C) temperature readings from Fahrenheit (F) readings,

use formula: C - (5/9) (F -32).
To obtain Kelvin (K) readings, use formula: K - (5/9) (F -32) + 273.15.
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SYMBOLS AND DEFINITIONS

a1 ,b1  Fourier series coefficients

B distance from bottom to pressure sensors

Cg wave celerity

C12 cospectrum value

d total water depth

db breaking wave depth

E wave energy density

F complex Fourier coefficient

fn discrete frequency value

GB,GBP ratio of rms breaking wave height to breaking wave depth

g acceleration of gravity
Hb  breaking wave height

ij counting indexes

Kz  dynamic pressure response factor
k wave number

L wavelength

I sensor spacing

m index to account for gage number

N total number of discrete data points

n frequency number, argument of Fourier series coefficients

longshore energy flux at the surf line

P1  pressure time-series values

p dynamic pressure

Q1 2 quad-spectrum value

R ratio of unwindowed energy density to windowed energy density

S 12  complex cross-spectrum value

T length of time series record

T8F high frequency cutoff period

v weighting coefticient

z water surface elevation

B gage orientation angle

y specific weight of seawater

0 wave direction

Ad average mean depth of water overlaying pressure sensors

Af frequency step

At time step

W angular wave frequency
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!I
COMPUTER ALGORITHM TO CALCULATE LONGSHORE ENERGY FLUX AND

WAVE DIRECTION FROM A TWO PRESSURE SENSOR ARRAY

by
Todd L. WaZ ton, Jr. and Robert G. Dean

I. INTRODUCTION

The documented (FORTRAN IV programing language) computer program discussed
in this report was originally written as part of the Coastal Engineering

Research Center's (CERC) Longshore Sand Transport Research Program and was used
in analysis of wave data collected at Channel Islands Harbor in conjunction
with a study of sand transport at Channel Islands Harbor as discussed in Bruno,
et al. (1981).

The program performs the basic analysis of two wave gage pressure records
necessary to compute wave direction and wave energy at a given frequency and

computes the longshore energy flux used in sand transport for the entire energy
spectrum of the wave record. This program uses linear wave theory for the wave

transformation process and includes the assumption of straight and parallel
bottom contours necessary for application of Snell's law of refraction.

Necessary steps in the analysis of the wave data are presented in Sections
II and III of this report. Subroutines are discussed and sample outputs for
some wave records from the Channel Islands wave gage pressure sensor pair are
given.

The program presently accepts data in the standard CERC magnetic-tape for-
mat where record lengths consist of 4,100 values. The fVrst four values are
the gage number and the date-time group, and the remainiaig 4,096 values are
the pressures recorded in thousandths of a foot (head) of water at 0.25-second
intervals. Should other input data be available, the program could easily
be modified to accept the data by simple changes in the main program and in
subroutines BUF and SWITCH.

Sample outputs have been presented for real wave data; some wave direc-
tional information cannot be obtained for all frequencies because the spectral
information at some frequencies is ill-conditioned. The percent of energy for
which this problem occurs is a small part of the energy (usually <3 percent) of

the entire spectrum and is insignificant in energy-flux computations. Reasons

for this feature are discussed later.

II. METHODOLOGY

Calculating the longshore energy flux at breaking required the following

steps:

(1) Calculation of the frequency-by-frequency wave direction and
energy at the location of the wave gages;

(2) determination of the breaking wave depth;

(3) transformation of the wave spectrum to the "breaker" line,
including shoaling and refraction effects; and

(4) computation of "P,,s" the longshore energy flux at the
surfline.

Each of the steps is described below.
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1. Calculation of Wave Direction and Energy Spectrum at Wave Gages.

As noted previously, each of the input time-series pressure records con-

sists of 4,096 data points with a time increment of 0.25 second. To reduce

computational costs, modified time series are formed for analysis by averaging
four adjacent data points. These new time series contain 1,024 data points

spaced at 1.0-second intervals. This increases the aliasing period from 0.5
to 2.0 seconds; however, this is justified as the pressure response factor

for a water depth of 6 meters and a wave period of 2 seconds is approximately
0.005.

The time series are analyzed using a standard fast Fourier transform (FFT)

program to determine the coefficients. For example, for pressure time series

from gage I

N-i

PI(J) - [al(n) - ibl(n)] exp(!!P)()

n- 0

in which i = /T and N is the total number of data points, T/At = 1,024,
where T is the time series record length of 1,024 seconds, At the time

increment of 1 second between samples, and j a discrete time tj where t, -

discrete time value jAt. The FFT coefficients are defined in terms of the
pressure time series as

N-1
al(n) - ibl(n) W Pl(j) exp-i N (2)

j=0

where the argument "n" of the Fourier coefficients a(n) and b(n) speci-

fies the quantity to be a discrete function of wave frequency, fn' where

fnP a discrete frequency value, is nAf (where Af - I/T) and the a1 (0) term
represents the mean value of the time-series pressure record for wave gage 1.

Similar relationships exist for wave gage 2. In calculating the FFT coeffi-

cients, there are several options that may be employed in an attempt to reduce

spectral leakage which arises due to representing an aperiodic time series by

a periodic series. A large number of possible data windows (weighting func-

tions for data) have been developed to reduce the adverse effects of spectral

leakage (Harris, 1974). These can be expressed in the form of a weighting
function w(j), such that the modified time series p'(j) is of the form

p'(j) = w(j) p(j)

in which p(j) is the digitized measured pressure value at time tj - jAt, and

w(j) a weighting function. A characteristic of these weighting functions is

that they are equal to unity at the midpoint of the time series and decrease

to a lesser value near the two ends. In the present program, a "cosine bell"

weighting function is used; however, through comparisons of P with and
without this function, it was established that the effect of tde weighting

function was minimal (<5 percent). The cosine bell weighting function is

expressed by

w(j) 1.0 - cos l (3)
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It is clear that the application of a weighting function will reduce the total
energy in the record. This effect is partly compensated for by the following
equation:

p p 'j)) (4)
P"(J) <p2>

thereby ensuring the same total energy in the altered and original time
series, where <p2> is the mean square value of the original time series
and <p, 2 > the mean square value of the weighted time series. It is the
altered time series p"(j) that is subjected to FFT analysis. The primes
will be dropped hereafter for convenience. The average mean depth of water
overlying the pressure sensors, Ad, is obtained by averaging the m time
series to obtain am(O). For two separate time series records, m = 1, 2 (wave
gages 1 and 2),

Ad = 0.5 [al(O) + a2 (0)1 (5)

The totA water depth, d, is the sum of Ad and the distance, B, of
the pressure sensors above the bottom (in later examples B = 0.76 meter).

Each FFT pressure coefficient is transformed to a water surface displace-
ment coefficient by the following linear wave theory relationship discussed in
the Shore Protection Manual (SPM) (see Ch. 2, U.S. Army, Corps of Engineers,
Coastal Engineering Research Center, 1977):

water surface coefficients dynamic pressure coefficients

1
[am(n), ba(n)]n = [am(n), bm(n)]p  (6)

yKz(n) m m '

in which the subscripts n and p denote water surface and dynamic pressure
coefficients, respectively. The factor

cosh k(n) B(

cosh k(n) d

where y is the specific weight of fluid (seawater) and is included when
pressure coefficients are in normal units of pressure (i.e., N/M2 or equiva-
lent). In equation (7), B represents the distance of the pressure sensors
above the bottom and k(n) is the wave number associated with the angular
frequency, w(n) - (2wnAf), as obtained from the linear wave theory dispersion
relationship

w(n)2 _ gk(n) tanh k(n) d (8)

One of the disadvantages of measuring waves with near-bottom pressure sen-
sors is evident by examining equations (6) and (7). For the higher frequen-
cies (shorter wave periods) Kz(n) is very small which means that the higher
frequency waves result in very small pressure fluctuations near the sea floor.
Thus, to avoid contaminating the calculated water surface displacements, it is
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usually necessary to apply a high frequency cutoff, above which the pressure
contributions are discarded. The proper selection of this high frequency
cutoff depends on the signal to noise characteristics of the pressure sensor
and the signal conditioning system. In the present program, the high fre-
quency cutoff was established at a wave period of 3.0 seconds. Wave gage
analyses by Thompson (1980) have shown that a 3.0-second high frequency
spectral cutoff value provides reasonable estimates of total wave energy at
west coast (U.S.) locations.

Denoting hereafter the FFT coefficients for the water surface as a(n)
and b(n), it is noted that the coefficients have the following properties:

N-1
<n2> [a2 (n) + b2 (n)] (9)

and n= 

a(.N+ n) a (2- n) (10)

and thus N/2

<n2> = 2 ) [a2 (n) + b2 (n)] (12)

n=1

Thus, the total (kinetic and potential) energy E(n) associated with a par-
ticular wave frequency component, n, is

E(n) - 2yja 2 (n) + b2(n)] (13)

Now consider two wave or pressure sensors located at (x1, y) and (x 2 , y2)

(see Fig. 1). The results will be developed considering discrete frequencies.

/3 Beta Shoreline

parallel to shoreline)

Gage 2 X'2 Y2or

Goge 2 (X2, 
y2) 

J ONI

(normal to bottom contours)

Gage I (xi,y,)

Figure 1. Definition sketch for two sensor array.
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The water surface displacement consistent with the assumption of one
direction per frequency is

N-1
n(x, y, j) I X F(n) exp (l[nwIt - kx(n) x - k y(n) yj)

nwo

(14)

= [a(n) - ib(n)] exP( N )
n-o

where w is the primary analysis frequency (- 2w/record length - 2w/T -

2wAf), and O(n) the direction of wave propagation at frequency w(n) = nw1 .

The wave number components, kx(n) and ky(n), are expressed in terms of the

wave number, k(n), and wave direction, O(n), as

kx(n) - k(n) cos O(n) (15)

ky(n) - k(n) sin O(n) (16)

The cross spectrum, S12 (n), of the two measured water surface displacements

(or dynamic pressures) is given by

S12 (n) = IF(n)1 2 {exp - i [k(n) cos O(n)(x 2 - x1 )
(17)

+ k(n) sin O(n)(y 2 - y)]}

Denoting the separation distance and angle as £ and 8, respectively, the
cross spectrum can be expressed as (see Fig. 1)

S12(n) - IF(n)12 [cos [k(n) tcos (O(n) - 8)] - i sin jk(n) Icos (0(n) - 0)])

M cospectrum (n) - i quad-spectrum (n) (18)

- C12(n) - iQ1 2 (n)

Thus, from equation (18), the wave direction O(n) associated with each wave
frequency can be expressed as

On - 0 T cos- tan- 1  (19)

ek(n) I o12 (n)II

The above relationship has two roots, one of which must be selected based
on physical considerations of the most likely direction of wave propagation.
In the present case, assuming no wave reflection from the beach, the ambiguity
in wave direction is ruled out; for wave sensors nearly parallel to the beach,
the minus sign in equation (19) is appropriate.
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There are two conditions for which it was not possible to calculate the

wave directions 0(n). These include poorly conditioned wave data, presumably

due to spectral leakage, and spatial aliasing due to large separation distance

between the two gages. If the data are poorly conditioned for determining
wave direction, the absolute value of the quantity within the brackets {-I in

equation (19) may exceed unity, a physically impossible condition since the

extreme values of the cosine function are *l. This tends to occur for the

extremely long waves for which the energy is small and the value of k(n) is

also small, the latter tending to result in large values of the bracketed
quantity. The percentage of energy for which this _cndition occurred in the

analysis of one year's wave data collected at Channel Islands Harbor was

relatively small, averaging 2 to 3 percent with a maximum of approximately

10 percent. The second condition is related to spatial aliasing and requires
that one-half the wavelength be equal to or greater than the projection of the
wave gage separation distance in the direction of wave propagation. Referring

to Figure 1,

L > 21 {cos[O(n) - $])max  (20)

which indicates that for the least adverse effects of spatial aliasing, the

gages should be on an alinement parallel to the dominant orientation of the
wave crests. As will be discussed later, in calculating PLs an attempt was

made to account for this effect of aliasing by augmenting the calculated

values, illustrated as follows by

ETOT

(Pgs)cm m (Pls)c - (21)

in which the subscripts c and cm indicate calculated and calculated modi-

fied, respectively. ETOT and E represent the total wave energy values

and the wave energy not affected by spatial aliasing or poorly conditioned
wave data, respectively. The total wave energy is that energy in the wave
spectrum below the high frequency spectral cutoff value.

2. Transformation of Wave Spectrum to Breaker Line.

At this stage, the wave energy and wave direction in the vicinity of the

gages are determined. These values are then transformed to the breaker line
accounting for wave refraction and shoaling.

To determine the wave breaking depth, the onshore-directed energy flux is

cal-ulated in accordance with the expression (based on Snell's law of refrac-
tion) and equated to an equivalent expressed in terms of wave characteristics

at breaking.

N/2

Onshore energy flux = I y2 [a(n) 2 + b(n) 2 ] Cg(n) cos 0(n)

n-1
(22)

8 -- 2Cgb cos 0b
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Assuming that the breaking wave angle, 0 b, is small, that the waves will
break under shallow-water conditions, and that the ratio of breaking wave
height to depth is a constant, the breaking wave height, Hb, is then given
by

b  16 [a(n) 2 + b(n)2 ] Cg(n) cos 9(n)10.4 (23)

where GB is the ratio of root-mean-square (rms) breaking wave height to
breaking depth, GB = Hb/db (here assumed GB - 0.78). With the breaking depth
known, each wave component is transformed to shore accounting for both wave
refraction and shoaling based on linear wave theory.

Wave refraction is in accordance with Snell's law and the assumption
that straight and parallel contours existed between the gage and breaking
locations

Ob(n) - sinsin Or(n) (24)

where C is linear wave celerity (see the SPM, Ch. 2) in which the r sub-
scripts denote the "reference (gage)" location.

With the wave energy and direction now known at the breaker line, the
value of the longshore energy flux, (P s)cm, is readily determined

(Ps)c = R(Pls)c

N/2(25)

R 2y I [a2 (n) + b2 (n)]b [Cg(n)GbCOS 0(n) sin O(n)] b

in which the factor R is given by the ratio

ETOT

R
E

as defined in and discussed in relation to equation (21).

III. MAIN PROGRAM DOCUMENTATION

The detailed programing steps in analysis for the longshore energy flux,
(Pts)cm, (which in this program is calculated in terms of rms wave height) are
presented in this section. Program steps are numbered to correspond to areas
in the program listing where computations are carried out. A program listing
with corresponding numbered steps follows the program documentation. Note
that preceding text has used the indexes j and n for time and frequency,
respectively, while the program which follows uses the index I for both time
and frequency. A listing of the main program is presented in Figure 2.
Program steps are as follows and refer to numbered parts of main program
listing:

13
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to C SUM26SUM Of SQUARES OF TIME SI0tuS a WITHOUT AVtRAGE
C SUNP).511rn OF SQUARES OF TIME SERIES 1 JIH AVE"AgE

C SUMP3.SOM OF SuUARIS UP TIME9 SERIES & WITH4 AVERAGE
C TsWAVE PtRIO

t THSTA(IOgeAVE DIRECTION IN RADIANS

Figure 2. Liscing of main program.
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71 C 7"TMATL8mEAKING OA~V ANGLE
C "GUMI0UU Of $GUAMES OF DATA WINDOW HODIFI&D TINE SER1ES 1
t WSUHMIMUN OF SGUARES OF DATA WINOO MUDIMOE TIRE ScoIES a

lWUPIEU.@.PI

as SLUP~uo~oS

90 6980.71

GRP89.74

C P1604 PHEG cUTOFFP380 sic
91 C SPACIAL ALIASING CUTOFFUeo4 SEC

C rLOWULUw PNEUIINCY CUTOFF NUMSOR
C NYFNUNIGH FREQUENCY CUTOFF NUP16EN
C MIALPR49PACIAL ALIA&ING FREQUENCY CUTOFF NURSER
C FREQUENCY CUTOFF NUMMNNTIMg URIES LENGTH/CUTOFF PERIOD

too e
NL U mu I
Of F "2349
8-3ALPRaSot

los 11 CNTINUE

C
C INITIALIZING VALUE&

WbLowoa..o
800030.0

110 bEMfteQo.o
SUMIN80.,
SUM Iool
SUMUEI.
SUMP 1Kv.

its SkIMFUoo.
aluU18m.0
NSUM18O.0
LV VIES .
A V0200.0

120 PLPUlu0.g
iLN16u .0
PLNEIwo.o
8S628.0
('U 29 21mW

Its FlII(Z.0
FP1C13u0.o

19 CONTINUE
00 3U In1eNOa
FNUDO( 1)N0.0

tic so CONTINUE

C
C THIS PORTION np PROGRAM READ$ IN WAVE PRISSUME VALUES INTO P109FSR ARRAYS

C A~t) ASsuRES WATCHING DATE CoMUUFS FOR DIRiCTIUNAL WAVE ANALYSIS OF TWO
V AGES.

t35 CALL UFHLI.OTIMLINIEFN IDLT1,EN9KIZ
IF (END) O TO I
CALL RU(GG#NN~.MLSMZI.I IDAT91.END)
IFINO) go To I
MPIULTEI.99.?O~ll) Go TV It0

Figure 2. Listing of main program. -- Continued
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140 SW5AE9
6U TU Ito

120 CONTINUE

1PM! G 1 *E 3 1  CALL SWZTCM(MGA05I9MGA61i#F1R IFIRI

14S 410 FURMAT(#I.( GAUGE O,.,UNH,,IAS(TE)

11 FUMMAT(1?,3CSX9J?))

c
ISO C TH1S P041ION Of PROGRAM CALCULATE$ WATER DEPTN Al WAVE GAGES AS WELL AS

C AVER
M
AGE$ AND SUM UP IDUARFS UP TIME SENIES

00 AA IIN
AVUTi@AVGIFjR(I,

aAVLj2vAVGPtM(I)
151 AVGIUAVGI/FLJAT(N)

AVb-20AVG2/FLOAT (N)

D)EP 113( A VGI#A VG? it.f
CALL "FCCDEPTN9SvOkLTT#NvN8ALFM)

160 PIMCI)sFIRCI).AVGI
Pt'ICI)2F2R(I)*AvG2
SLJMIESLIMI+F 10(1)**fq
SUm?*8UM2+F2R(Ij**j*

41I LONTINUT
165 bliJm1SUMI/FLUATCN)

SU142981JM21FLOAl (N)

C THIS PORITION OF PNUGRAM AL'PLIE5V ATA WINOUU TO TIME SEI[S..UATA WINUUW
C VALUE~S A119 REPHESENTE) By of!)

1701 b0 89 RIgjN

19 CONTINUE

175 C
c THIS PURTIUN OF PROGNAM COMPUTES SUM OF SQUARE$ OF DATA WINDOU MO0DIFIED

IM"E SERIES AS NELL AS RATIO OF PRE WINDUWLD ENERGY TO WINUONED ENERGY
O0 43 IUI,N
hOUSUMIM#FIR( I)*0i.

too WSUMasWSUP?+PR(IJS~i.
43 CUNTINUE

"lION IUUI/PLOAT CN)
0SU~aWl3.UW2PLOAl (N)
HAT IUIGIUMIINIUNI

IRS AISMI51
CALL FFTCFiR.PIRto)
CALL FPFTCP2RvFZIR0)
MEANIGFIRCI)
MEANiExFR I)

Igo C
C THIS PORTION OF PROGWAM CALCULATES CO AND MUAD SPECTRA VALUES. AS *ELL AS
G NAVE ANGLE TO SIORMLNE ANU ENERGY CONTRIBUTIONS Of EACH FREQUEO!CVS
C BREAKING WAVE HEIGHT ANO SMEARING WAVE CkLtRITY ARE ALSO
C, CALCULATED IN THIS SEC71ON

VU 9? J82ON
FINC I) .9INC .)
FII(I)sPII(J)
Faw(I)SIFIRCJ)

too FRICI)wF2ICJI

97 CONTINUE
00 96 1210M

Figure 2. Listing of main program.--Continued
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201 UF*UP*2C)*.F1I9.
*a CONTINUE

U 99 ImigNOR

$JlGMACI)olrLUAT(I)OTWiUPI/(FLOATIN)*DELYT)
a11 IUIWUPI/9164ACI)

CALL "VL[N(DtPTM941xKM)
Alk8XKN#D9PTN
1F(C12(1.L1.0.000000001) GO TU 99

PRO goASP)*Y~p CU 1 93
TNITA(12a..ACOUCPO2,S&TA
60 TU 9Z

91 INETA(1)mO.O
6u( ILI 92

221 93 1941T8CD2OOooI00

XKbxAK .HUsEP TM
XKIVECU*H(XKII) .COS4(AN
PIMUDIUC1)uFNOOSOC 12,CXKP*02.)

230 F"QOsUI)pt400sG(1)*"AIUI

adS FONPATC31,,loX..F.oEII..I*
92 CUNTI Nut

AgboAK 40 SDEPTH
hI'PaCUl0,(XK"2,COg9c AM)
PNUUSU(1)uM"OOSQ(12,#(MKP0*l.I

CG (IJ 1) a 604A I ) ) KA 1DPY 03

COC )U IN)OPMR#

C ISPRlONSINOPE ENERGY FLUX
91 3N6IaSMPlGG

6UNEhusu"9N.FNOOSUM( )
IFCZ.GE.MlALFM) GO TO 79
so TO 70

79 IMP KLG44NFRlOFMOOlQ4 11
ISO to CONTINUE

10(.LINLOW) 60 TO 77
9O TU 76

77 ILFRILFRELO.PNO M1
76 CUNTINUE

ass 1P(1.GE.NYFR2 Go To 999
99 CONY 1140

999 CONTINUE

D0 46 1819NOD
IF(I.GE.NSALFK) GO TO 44
PCTv MOUQG( 12/UMEN
1FCPCT.GI...a) Go to 49

Pas go0 tLI 4
s9 UMiTt(6@So10 2 1,G19 112PCTTETAC1)
50 FM9TJ.g33~t*)
as CONTINUE
00 CON? INOS

Figure 2. Listing of main program. -- Continued
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SCUI Nut

THIS PORTION OF PROGRAM4 MUDIPFkS WAVE GAGE ANGLE$ TO BREAKING WAVE ANGLES
ITS C AND COMPUTES LON6iSNOkE ENENSY FLUX FACIOWS

D)U 91 IalNul
IF(ISGE.NSALFR) G0 TO 996

lHI TA WuAlINCSZNTMSC I) I

F"SUCGC(I)eFO3CS *XR$X$

IFIT#IETA(I).LF.0.0) 6U TU 87
PLP(JSSPLPOSGAMMA*lIN(2.*TN9TAb )OCH*FHUOC(

SOS Go TO On
8T PLNE~xPLNEG#GA"MA*lIh(2.9TMEfTA# )0CS*PNUObOCII
S CUNIINUR

PL8GAMMA*C9*8INUa.*THETAl )VPMODSQCI
FLNE TOPLNE T#PL

Roo IP(1.GE,NYFRI GO TO 09
91 CONT INUE

990 CONTINUE

WSj'iV NSOSGUMEN

89S kSLVWUUSLFNEl8,UMEN
NTUT4QlUD00. N SNP N
F4U1*/( I .RT(JTi
PL' US.PL P1)5*
FLNEkuPLNEGSR

Soo Pkl6NL~u flaE*N
wNIkC.,8OiN8ALF"

In0I PONMT( /. NSALFR t*24XI16

200 PUMOAT( ( DEPTH OFP ATER AT GAUbE ItEW91
SOS %4IEC.,@IOOIAVG19AVGl

100 FUNP4AT( AvGIjsCPIl.3v9%qIAV62UIPII.3)
"NITE6eI7u)UM1,Sume

170 PUNNATCI 8UMImIPI,.3,99IlUMlIPI.3)

Ito III FUNMAT(l WUmtooIU20395,INUM2(.Pl0.3I
"MITL(6II12)NATIUIRATIOI

Ili FURMATYC I ATIOISIP9.3,99. IRATLOlut9.3)
NNITE C.19lUMEN

39 PIJNMATCI lUMEhzt9&%sFI3.S)

104 FONMI.T(l RREAKING WAVE HEIGHT MIS C*en.PI@.l)

100 FUI4NAT( I BREAKING WAVE CEL90MITY Cam g,4a.PIO.Ja
0 IT(6vIo6, 3 RSOORIMPRGNSLPNG

380 106 FOI4NAT(f RSODDUIPII.4.6K.IN!H!RQUIPIO.dSKXINSLPRQEIrOgUI
"kITk(6#IO3)PLPO9*PLNIS

t03 PUNMaTIIP(( s,1.,6,PMGIP1m
PNITEC., l09)PLNET

109 FUHMATCI FLNET@IPII*eJ
I3S GU TU tIQ

I CONTINUE
* VUP
END

Figure 2. Listing of main program. -- Continued
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(1) Input data for this program are in the form of digital
magnetic-tape records of 4,100 values. The f irst 4 values of the
records are the gage number, month, day, and time of the observa-
tions8; the last 4,096 values are the time-series pressure values of
the wave gage. In the present program the wave gage pressures are
stored in thousandths of a foot (head) water at 0.25-second inter-
vals. Subroutine BUF reads time-series data into array CNTL,
where it is averaged to provide 1,024 time-series values of At - I
second spacing. Units are also divided by 1,000 to convert values to
feet (head) of water.

(2) The date groups of record 1 and record 2 are compared to
ensure that times of records are simultaneous; if the times are not,
the program searches the record file until this condition is met.
The two records are than checked for proper sequence to ensure that
gage 1 is analyzed first. Subroutine SWITCH switches arrays if they

are not in proper order.
(3) Each of the two 1,024 value time series is then analyzed for

average values which are printed out along with the average depth of
water at each gage site. The average value of each of the time-
series records is again averaged and is added to the height of the
gages above the bottom to obtain the water depth:

DPH-AVERAGE 1 + AVERAGE 2+B
2

in which AVERAGE 1 is the average of time series 1 = a 1(0), AVERAGE 2
the average of time series 2 - a 2 (0) , and B the height of sensors
above the bottom.

An option to apply a weighting function w~j) (- W(I) in program)
has been incorporated before the FFT subroutine is called. In this
particular program a cosine bell weighting function has been incorpo-
rated. If the data window option is selected, the two time-series
data records, which are read into FIR and F2R arrays, are multi-
plied by the following weighting function (cosine bell)

w(j) =11- cos (21li)]

where j is the time step number and N the number of data points
in series. If no weighting function is desired in analysis set
w(j) - 1.0, which is the "box car" weighting function.

As the cosine bell function reduces the total energy content of
* the waves, the final energy obtained from the FFT must be rescaled up

to the proper value. This is accomplished by scaling up the time-
series pressure values by the ratio

Unwindowed energy (p2>

Windowed energy p2

as discussed in equation (4).
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(4) Cospectra and quad-spectra of the gages are computed using
the following relationships (note in computer program index, I is
used for frequency counter, n):

Cospectra - C12(I) - F1R(I)*F2R(I) + F1I(I)*F2I(I)

Quad-spectra - Q12(I) = FIR(I)*F2I(I) - F2R(1)*FII(I)

in which F1R and FII are the real and imaginary parts of complex

transforms of time series 1: F2R and F21 are the real and imagi-
nary parts of complex transforms of time series 2.

(5) Wave angle is calculated in accordance with equation (19).

O(n) - r - i [ 12l

arcosine kn L arctan C12(n)J

where k(n) is the wave number calculated via linear wave theory, £

the spacing of gages, and B the difference in alinement of gages
and shoreline in Figure 1.

Due to energy leakage problems in spectra, impossible wave angles

can result [wave angles with (1/k(n)l arctan Q12(n)/C12(n)) greater
than 1.01. When this happens, energy is lumped into a separate
category for later scaling up of the longshore energy flux.

(6) The high frequency cutoff in this particular program has been
set at 2.09 radians per second, which corresponds to a period of 3
seconds or NYFR - 342. This value can be reset in the main program
by adjustment of NYFR where

NAt
NYFR = -

THF

and N is the number of data points in time series, At the spacing
in time of data points, and THF the high frequency cutoff period.
The spatial aliasing frequency is computed in subroutine RFC.

Energy between the spatial aliasing frequency and the high fre-

quency cutoff is put into a special category and used to scale up the

final longshore energy flux.

(7) Each frequency contribution to the onshore energy flux is
calculated fnr the gage site location as follows:

Onshore energy flux - 2y IFn(n)1 2 Cg(n) cos [O(n)]
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where

I Fn(n)j = modulus of the complex amplitude spectra of wave

elevation above mean surface at gage site

Cg(n) = group wave speed at gage site

O(n) - 0 - angle f wave direction (see Fig. 1)

y -i specific weight of seawater

The onshore energy flux is then summed to obtain the total onshore
energy flux. In the program, onshore energy flux/y = HG2.

(8) Breaking wave height at the shoreline is determined from the
mean square onshore energy flux via a linear theory wave transforma-
tion formula which can be simplified to

N 2 [2e~n0..

Hb = 161F1(n)1 Cg(n) cos 0.

where GB is the wave height-to-water depth ratio at breaking and g
the acceleration of gravity.

The choice of GB is up to the user although a value of GB f
1.42 has been found by Komar and Gaughan (1972) to best fit wave tank
data for breaking wave heights for monochromatic waves. In the pres-
ent program, GB has been set equal to 0.78 but can be readily
changed.

The breaking wave water depth is calculated from the equation

b - GBP

db

where db is the wave breaking water depth and GBP the ratio of

wave height to water depth at breaking.

In this case a different value of the ratio of breaking wave
height to water depth can be used in the program for obtaining the
proper water depth. An assumed value of GBP - 0.78 from the solitary
wave theory in the SPM is used.

Linear wave celerity is assumed and breaking wave celerity is
estimated as

Gb W (g !Hb) 5
b GBP/

The breaking wave height and celerity calculated in this approach
apply to all frequencies.
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(9) Frequency-by-frequency modification of wave angles is made
assuming linear wave theory, Snell's law, and parallel bottom con-

tours offshore. The breaking wave angle, Ob(n), is calculated from

Gb(n) - arcsin [Cb(n
) sin r(n)]

where the subscript r refers to the reference gage location.

(10) Longshore energy flux is calculated for each frequency
component (except the special cases discussed in Sec. II) using the
equation

Pks(n) - yIFn(n)1 2 Cgb(n) sin 20b(n)

and is summed up to obtain a net longshore energy flux.

(11) The value of the net longshore energy flux is multiplied by
a factor R which scales up the total energy in the spectrum (below
the high frequency cutoff). The equation for scaling factor R is

IR (I - RTOT)

where RTOT - RSODD + RSHFRQ when RSODD is the percent of energy in
low frequency bands for which impossible values of the cosine func-
tion are calculated, and RSHFRQ is the percent of energy between
spacial aliasing frequency and high frequency cutoff.

The final result of analysis of the two gage records for the
net longshore energy flux PLNET is printed out, as well as specific
frequencies for which impossible directional results occur and fre-
quencies at which more than 2.5 percent of the total wave energy is
found.

IV. SUBROUTINE DOCUMENTATION

1. FFT Subroutine.

The sampled time function, f(j), will be expressed as

N-i

f(j)- I F(n) exp(inwIJAt)

nno
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in which

2w 2n 2%

record length T NAt

tj = jAt = a discrete time where j is the integer time step

F(n) = a(n) - ib(n)

a -a ,n 0,
a 2 + n) (2 n) 2 0

N__ Nb N =-b ,n O * -0

a(O) = mean of sampled record

b(O) - b(u) . 0

Because negative indexes are not readily handled by most FORTRAN compilers,
the summation extends over the interval 0 5 n 5 N - 1, rather than over the

symmetric interval - N/2 - n _< N/2. From the definition of the coefficients
above, it is clear that the coefficients a(n) and b(n) for n > N/2 contain
no additional information.

The inverse relationship completing the FFT pair is

1 N

F(n) - I f(j) exp(-inw JAt)
N J1

As an enumeration of the complex FFT coefficients, suppose the series of 8

values is considered, N = 8. The coefficients would be

F(O) = a(O)

F(I) - a(l) - ib(1), F(7) - a(7) - ib(7) = a(l) + ib(l)

F(2) - a(2) - ib(2), F(6) - a(6) - ib(6) - a(2) + ib(2)

F(3) - a(3) - ib(3), F(5) = a(5) - ib(5) = a(3) + ib(3)

F(4) - a(4)

This pattern prevails for all sets of FFT coefficients, regardless of the
value of N. Both F(O) and F(N/2) are real and, as noted previously, the
coefficients F(n) for n > N/2 really contain no additional information.
The FFT subroutine used here requires that the number of data points, N,
provided be an integral power of 2, i.e.,

N- 2K

where K is an integer. Thus analyses of 512, 1,024, or 2,048 data points
(K - 9, 10, 11) would be suitable with this subroutine.
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The following two requirements are satisfied in the FFT subroutine.

(a) By operating on the sampled function, obtaining the F(n)
coefficients and carrying out the inverse FFT (FFT-), the original
time function is recovered. Schematically,

f(j) + + F(n) + I - f(j)

(b) The mean square of the sampled time function is equal to the

sum of the squares of the moduli of the FFT coefficients, F(n), i.e.,

1 N N-1
- I [f(j)] 2  I IF(n)1 2

N J-1 n=o

a. Calling Statement: SUBROUTINE FFT (FR, Fl, K, ICO) (see Fig. 3). FR,
FI = real and imaginary coefficients in

F(n) = FR(n) - iFl(n)

K = power of two (i.e., N - 2K)

ICO = control whether FFT or (FFT)-1

operation is desired if

ICO{ = 0 + FFT
C- I + (FFT) -

When entering the subroutine, FR is the time sequence f(j) and FI is
arbitrary. When exiting the subroutine, FR and FI are the real and imagi-
nary parts of the complex transform, respectively; e.g., input is

K- 5

ICO - 0

f() .O+ .3cs 2/t 432af~) 10 20 os 32 + 3.0 cos 32

- 0.6 sin 2i(jAt) - 1.4 sin 4n(jAt)
32 32
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L
C f437 FOUNZI VHA434 S Pk4 SUMBUTINI

SvRUUTZ| I FT(FOOPIPsICO)
UIMENIZO F.(Itj.PIttJ

0CZCO.EQ.O) GO TV 10
UU 8 Jmle*

S FI(Iju.Fj(i3
to LUNTINUE

CU 2 819MN

Leh
I LUtLi

IF(MNNL.GT.NN) GO TO I
"amNUn(MDL) tt
IPCMd.LE.,) 00 TO I
FlISPNFC Ne I)

30 MNN*I)uTR

lFaI(14*l)iF(N
PI(NN*I)mTI

a CUNTINUE
Li

3 IF(L.GE.N) GO TO 7
|ITEP8101.
LLDL
VU 4 MeI#L

so A23,I4199115tqS LOAT(I.) il
"UCUISA)

DU 4 IN .MohrTEP

MFCICU.EQII GO to II
INUWNeFr(J).wIPI(J)
I isuNSFICJ2,WISPU(J)

40 TIjmMe FI(J). i*PR(J)

FICJ)mFICI)oT1

4S LBaIleP
GO TU 3

7 C NTINUI
ANSW
IPCICO,1.0) go TO 6

S0 O 5 181.
FRCI)mPICI)tANSFJ(Z3S.FZ(1)/AN

S NL(1)U~~l/N

L NU

Figure 3. Listing of FFT subroutine.

b. Data Input to Program.

f(j) values at 6.000 5.080 3.750 2.184

At - 1 second (.590 -0.829 -1.900 -2.506

intervals -2.600 -2.215 -1.451 -0.465

(32 values) 0.562 1.445 2.034 2.229

2.000 1.391 0.513 -0.475

-1.390 -2.054 -2.322 -2.109

-1.400 -0.257 1.188 2.755
4.238 5.438 6.189 6.386

FR 6.000 5.080 3.750 2.184

(32 values) 0.590 -0.829 -1.900 -2.506

-2.600 -2.215 -1.451 -0.465
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0.562 1.445 2.034 2.229

2.000 1.391 0.513 -0.475
-1.390 -2.054 -2.322 -2.109

-1.400 -0.257 1.188 2.755

4.238 5.438 6.189 6.386

FI = 0.000 0.000 0.000 0.000

(32 values) 0.000 0.000 0.000 0.000

0.000 0.000 0.000 0.000

0.000 0.000 0.000 0.000

0.000 0.000 0.000 0.000

0.000 0.000 0.000 0.000

0.000 0.000 0.000 0.000

0.000 0.000 0.000 0.000
c. Calling Statement: FFT (XR, XI, 5, 0).

Output: 1.000 1.000 1.500 0.000
a(n) coefficients 0.000 0.000 0.000 -0.000
(32 values) -0.000 -0.000 -0.000 -0.000

-0.000 -0.000 -0.000 -0.000
-0.000 -0.000 -0.000 -0.000
-0.000 -0.000 -0.000 -0.000
-0.000 0.000 0.000 0.000
0.000 0.000 1.500 1.000

b(n) coefficients 0.000 -0.300 -0.700 -0.000

(32 values) -0.000 -0.000 -0.000 -0.000

-0.000 -0.000 -0.000 -0.000
-01000 -0.000 -0.000 0.000

0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000

0.000 0.000 0.000 0.000

0.000 0.000 0.700 0.300

At (time step) = 1 second in above example.

2. HFC Subroutine.

rhis subroutine resets the spatial aliasing frequency cutoff to a higher
frequency than would be the case for normal incidence of waves to gage pair.
In the present version of this subroutine, it has been assumed that the maxi-
mum angle which the wave crests can make with the gage pair axis is 450. Thespatial aliasing criteria are expressed in Figure 1, where for proper resolu-
tion of wave direction the following criteria must be met

£cos [G(n) - 01 < L2

k(n) tcos [O(n) - 01 < k(n)L
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The proper spatial aliasing frequency to corrtspond with the spacial aliasing

wave number cutoff is found from the normal wave dispersion relationship.

Calling Statement: HFC (DEPTH, S, DELTT, N, NSALFR) (see Fig. 4).

DEPTH - depth of water at gage site (from ma- program)

S - spacing of wave gage pair (from main program) (- i in text)

DELTT - time-step increment between values in time series analyzed
(from main program)

N - exponent of 2 describing number of time series values
(from main program)

NSALFR - integer number for spatial aliasing frequency cutoff

C bUI4LITINE HFC(NIG FREQUENCY CUTOFF/SPACIAL ALIASING FREQUENCY)

C NESETS ALIASING CUTOFF To HP1MER FREQUENCY
C OASED UN ASSUMED MAX1NUM MAV ANGLE

SUNUUTINE i4FC(DEPTN 4SOELTTgN9NSA1.FR)

C SPACIAL ALIASING ASSUNES NAVE ANGLES LESS 1HAN AS DEGREES

XfSi3]I459100OO
KKN XK*SDEPTMi8
SIGS~diIIol*(NKN/DEPTN)*TANN(XKN

10 SIUNPuORT(S|TSO)

RECL9FLOAT(N)ODELTT
NSALFPNSIGHF*RKCLNIO.IS3

RETURN
END

Figure 4. Listing of HFC subroutine.

3. SWITCH Subroutine.

This subroutine is set up to interchange time-series data arrays in the
instance when gage 2 data are processed before gage 1 data (see Fig. 5). If
the first gage record processed is not equal to the appropriate number of the
gage, as specified in main program, data arrays of first and second gage
records are interchanged.

C SUWNUOTINE SWITC" EXCHANGES LUCATIONS OF TI"E SERIES DATA TO ASSURE
C OAGEI 1S STORED IN FIRST ANRAY AND GAGED IN SECOND

SUVRUUTINI SWITCHCMitNDFIROPEN)
5 DIMENSION FIR(IOD4A)FR(IO4),F3R(I024)

Misai

0 0 t tO1 8ato F3N(|)e.IR(I)

FIN(I)eif(I)

10 CONTINUE
RETUNN

Figure 5. Listing of SWITCH subroutine.

4. WVLEN Subroutine.

This subroutine accepts wave period and water depth as input and calcu-
lates wave number as output via a Newton-Raphson iteration.
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Calling Statement: WYLEN (DPT, PER, XKH) (see Fig. 6).

DPT - water depth (from main program)

PER - wave period (from main program)

XKH - wave number * water depth (calculated in subroutine)

C WAVE LENGTH ITERAION lUIROUTINEw T41:C:UUS UIYINK CALCULATES UAVELENST
C ViA NEWTONe*APHION ITERATZON USIND PNI O@,WATER OEPTH INPUT
C PEIGNAVE Pt |O
C DPtsoaTEU DEPTH
C XKPAVE NU"dERSATER DEPTH

IUORUUTINE WVLENIDPTtPE1,XKHJ

I(XK1NH AJ.13 I* )*ISDpT I.
to I XK.KHHO

GO To 9IXK"SOURT(XKHU}
3 3NsiJN"(XICH)

ChPCUSH(xKM)

V~PXK"tP/9LQP1I!{

If(A91jDXK",fKKH)0O.OOOI)9*qoA
a Xk"@XKM#0XKN

9 CUNTINUE
RETURN
END

Figure 6. Listing of WLEN subroutine.

5. BUF Subroutine.

This subroutine is set up to read in wave gage files from magnetic tape.
The data records consist of arrays of 4,100 values, the first four of which
are the gage number, month, day, and time of wave record. The remaining 4,096
values represent pressures in thousandths of a foot (head) water. The data
are returned to main program as a wave gage number-date series and a time
series of 4,096 values of pressure in feet (head) of water. Two records are
processed in one pass.

Calling Statement: BUF (MGAGE, MONTH, MDAY, HTIME, CNTL, IDATE, END) (see
Fig. 7).

KGAGE = number of gage (read from tape)

MONTH - month of observation (read from tape)

MDAY = day

TIiME - time

CNTL - control array of 4,096 pressure values in feet (head) of water
returned to main program

IDATE - summed time group for time comparison between gages

END - logical end
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L SUSUUTINF UF RIADS IN WAVt GAGL DATE INFU AND TIE SERIES DYNAMIC

C PRLSSURE VALUFS IN FEET HEAD OF iTAER
C TNIS SURROUTINE NEOAS 8096 TIMt SERILS VALUES AND AVERAGES TO MeTAIN

S C 1084 VALUES FOR MAIN PNOURAM ANALYSIS
C HGAG&BGAGF NURSER
C "UNTiN"UNT, UF REC0MOING
C MOAV8AY. OF REC:ORING
*C MtIM.TIMI of RECOROING

10 C "E NAVAY OF AVIRAGED TIME 4ERIES VALUES
SUURUUTIN F SUP(NGAGERONTNUATMTIMEREALIOATEEND)
DIMENSION CNTL(aOl,),IA(SO00)
DIMENSION REAL(10lG)

LUGICAL END
Is DU li J81iOS9

CNTLiJ)80.0
l2 CONTINUE

aUFFER INrq.l)(IACt).IA($00)
IP(UNIT(9))I10o10.30

so 20 PRINI II,(IA(I)#LUl.6)
It FURNAT(I PARITY E1O Ol)
to CUNTINUE

MGAGEUIA(I)
MUNTYNI(j)

ii MOATUIACS)
MTIMLBIA(4)

IUATnIACI(I)*A(3)#IA|4)
KaE

UD as J41.O096
30 *#

CNIL(J)eIA(K)
2S CNTL(J)4CNTL(J)/tO00o

DO 26 J"OOS0096
26 CNTL(J)eCNTL(4oS7)

31 Jet
DO 27 LIeI0I4
REALiL)o(CNTLCJ)*CNTLCJI)CTLCJl)CNLCJ.3))/4.

27 CONTINUE
40 RETURN

30 ENUS.TRUE.
RE1URN
ENU

Figure 7. Listing of BUF subroutine.

V. SAMPLE OUTPUT

Three examples of output are presented for different dates for the wave
gage pair at Channel Islands Harbor (Fig. 8). The year the data was taken was
1975.

The first set of frequencies lists amplitude modules squared of wave data
having impossible direction results. The sum total of this energy (in decimal
percent) is listed as the quantity RSODD in the variable output at the bottom
of the output. In the case of the wave data taken on 7-26-1600, the inco-
herent data amounted to 0.004 (0.4 percent) of the total energy in the wave
record.

The second set of frequencies listed provides the wave direction for the
frequency bands having a significant part of the energy ( 2.5 percent). In
the case of the wave record taken on 7-26-1600, it is seen that the wave angle
is reasonably consistent from the frequency-to-frequency band and is approxi-
mately 0.70 radian (40.1°).

The variable list provided at the bottom of the sampled output gives
values of most importance in the analysis of wave information for longshore
energy flux. The longshore energy flux output is in pounds per second units;
the output in the first example is 89.23 pounds per second.
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Example 1

GAUGE NO, MUN7I4 DAY 7149
311 1 is 1600
312 1 16 1600

1 .01366 .000017
I &colts% .000036
9 605223 .000018

10 .061359 .000081
It 00749S 000046

14 06903 00ooooS
24 s147262 s00011?
as O153396 .000061
27 .lS6s7 9000001
29 61?194l .000099
30 0164076 004
32 .106390 0000066
33 @20149S 00000110
41 OW1709 .066014
45 6876117 s000041
45 s39611 .000093

1 IIGP4A(IJ Pei 7NE1A(Z
6141i0455s .03904604 IT16903

66 641724877 .04038960 617999065
73 *447,l139 *0uiillui *84437688
74 .45405831 91639s 94 .49736613
is .46019414 0968994 *o *9196090
To 04?80201 698106919 671911394
79 *46473793 .04491141 96519j396

NIALPRV lot
09PTM OF WATIR AT GAUGE 1119W ISO#
'VG1. 81#411 AVGR. 59,999
6UMIG 0229SU2 .131
WOUNI. .004 WIU'MlP .066
RAT3OI@ F4730 kATIOls 119
lUM4ENw #18433930
849ANING N1Vt N[ISM7 M88 3.03
611AKING "Avg CgL64ITV Gas 11.t&
R6000. .0040 N"lF"Go .s113 RILFR~v s0lve
PLPO80 9.44l PLN16a 03150
OLNEY@ 0902271

Figure 8. Three examples of output for wave gage pair at Channel
Islands Harbor.
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* Example 2

GAG NO MONTH DAY TIME

311 1 20 1600

I SZUMA(Z) FMD39(I)

006136 0000169

19 01153 0000091
23 01 05.000097
20 9030530 9000013
a6 00980 0000066

30 0161359 .000038

11 .1049S .000000
13 o15776? 0000168

Is .002392 .O000137 05003
1:a409817S .0A2 00? 19 7

AVG 6 I. 0A95 I4 0067

30(N .301, 7 O

1N 91902 C(00000Ca 2.1
#ag~r . 08579 RS0000 .362 SFU 0
soET 935S8.000006

Figur 8.MAl ThePxmls fotu orwv aepara hne
belnd Harbor 47 005 8 --Continue

is #460194~1944S6 @%bj1

------------------------------------. 0114171306916103



Example 3

GAUGE NO, MONTH DAY TIME1
311 26 l000
312 26 l000

I 119MA;I) PMDOOM
1 .096136 0000910

0 012272 4000397

4 .01450' .000051
y 00129S1 0000013
a 4.*906? 0000011

10 00613S9 .000014
12 O073611 4000074
13 9079767 600008S
17 .014311 6000080
19 e116SS3 .000008
23 9141126 9980011
32 *196390 .000009
34 4106621 .000100
35 081117s 9900104
36 .2*0693 .000019
41 0257709 3Q100040
511 6137476 0000136
71 .435691 *oolose

ISZOMA(1) PCI THITAMI

NIALFQ. act
DEPTH OF WATER AT GAUGOE BITgo 23.5
AVG18 810702 AV98I 20.267
IUMje o253 WsUI .266
WIUMIP 9073 WSUMSP .061
PAIIOIR 3.060 PAJIUi 3.299
SYTMENs .33101917
BREAKING RAVI HEIGHT MSO 3o66
BREAKING NAVE CELERITY B 12.29
P5000. ,009% RINFNVUs .5.7 RILFR98 09141
PLPols I311.5301 PLNE~u -0e1247
PLNET8 05.3070

Figyure 8. three examples of output for wave gage pair at Channel
Islands Harbor.--Continued
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